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ABSTRACT 
When rat kidney slices were incubated in the presence of horseradish peroxidase, there was 
an energy-dependent uptake of the protein by the cells of the kidney tubules. The uptake 
was  greatest in the  proximal convoluted tubules and in the  thick ascending limbs of the 
loops of Henle; it was abolished by cold, anoxia, 2,4-dinitrophenol, and fluoroacetate, and 
was more readily depressed  by unfavorable metabolic conditions in the proximal convoluted 
tubules than in the thick ascending limbs. Protein uptake was inhibited when the kidney 
slices were incubated in electrolyte-free media.  In sodium chloride solutions, uptake was 
reduced as sodium was progressively  replaced by choline, and ouabain inhibited uptake in 
the proximal convoluted tubules, but not in the thick ascending limbs. To a limited extent, 
lithium could replace sodium in the incubation medium with no depression of peroxidase 
uptake. These results suggest  that a  sodium-stimulated, ouabain-sensitive ATPase may be 
involved in the uptake of protein by cells of the kidney tubule. The intracellular transport 
of peroxidase in cells of the  proximal convoluted tubules was abolished by cold,  anoxia, 
and 2,4-dinitrophenol, but it was not affected  by concentrations of ouabain which inhibited 
the uptake of the protein. 
INTRODUCTION 
The  metabolic requirements for  active  transport 
have been intensively investigated in recent years. 
Studies  have  also  been  made  of  the  metabolic 
features  of phagocytosis  in leukocytes  (1-3)  and 
of pinocytosis in amebae (4-6), but the metabolic 
basis  of  pinocytosis in  the  parenchymal cells  of 
higher animals has received little attention. 
The cells  of the kidney tubule have long been 
known to  reabsorb  protein from  the  glomerular 
filtrate  (7),  and  it  has  been  shown  (8)  that  the 
uptake  of  intravenously-injected hemoglobin by 
cells  of  the  proximal  convoluted  tubule  of  the 
mouse kidney is the result of pinocytosis.  Accord- 
ingly, the uptake of protein by kidney slices incu- 
bated  in  media  containing the  test  protein  has 
been investigated under various metabolic condi- 
tions, with the objective of defining the metabolic 
requirements for pinocytosis in parenchymal cells. 
Horseradish peroxidase was used as  the test pro- 
tein because of the ease with which it can be visu- 
alized in cells by histochemical procedures. 
METHODS 
Male albino rats  (Sprague-Dawley  strain) weighing 
150 to  250 gm were sacrificed by decapitation, and 
kidney slices approximately 0.5 mm thick were pre- 
pared,  using  a  Stadie-Riggs  microtome  (9). The 
slices were  placed  in flasks containing cold  Krebs- 
305 FIGURE 1  Type 1 pattern of peroxidase uptake. Kidney slices were incubated for 30 minutes, at 87°C, in 
oxygen.  Combined staining for peroxidase (blue)  and acid phosphatase (red). Note peroxidase uptake in 
thick ascending limb (center) but none in the two proximal convoluted tubules which are cut tangentially. 
X  1150. 
FIGURE ~  Type 1 pattern of peroxidase uptake. Kidney slices were incubated for 4 hours, at 37°C,  in 
oxygen, in the presence of ouabain (4 raM). Note that there is no peroxidase uptake in the proximal con- 
voluted tubules, while the uptake in the thick ascending limbs is unaffected. )<  1150. 
FIGURE 3  Type 3 pattern of peroxidase uptake (see text). Note the large protein droplets in several cells 
of the proximal convoluted tubule.  A fusion of the blue peroxidase-positive droplets and the red acid 
phosphatase-positive bodies (lysosomes)  is suggested by comparison of the color of the protein droplets 
with the blue color of the peroxidase reaction product (lower right) and the red color of the lyosomes in 
the cell in the lower portion of the tubule. A portion of a thick ascending limb is seen at the left margin of 
the photograph. X  1150. 
FIGURE 4  This illustrates the absence of protein uptake, both in the thick ascending limb (upper left) 
and in the convoluted tubules when kidney slices were incubated in a nitrogen atmosphere. It also indi- 
cates that non-specific adsorption of peroxidase to cellular membranes is probably not a source of confu- 
sion in these studies, since intraeellular "droplets" were never observed in slices incubated in nitrogen. 
)<  1150. 
Ringer-phosphate medium,  pH  7.4,  to  which  had 
been  added  horseradish peroxidase  (Sigma  type  II 
or Worthington Grade C), usually in a concentration 
of 2  nag  per  ml  of medium.  In  some  experiments 
various substrates or metabolic inhibitors were added 
to  the  medium  prior  to  the  introduction  of  the 
kidney slices. 
After equilibration with the desired gas, the flasks 
were stoppered  and  transferred to  a  Dubnoff incu- 
bator-shaker.  They  were  incubated  for  various 
periods up  to  4  hours  and  at  various  temperatures 
(2 °,  25 °,  37°C).  The  gas  phases  included  oxygen 
(1  to 3 atmospheres), air,  nitrogen, and 95  per cent 
oxygen-5 per cent carbon dioxide (with bicarbonate 
buffer). 
After  the  incubation  was  completed,  the  kidney 
slices  were  rinsed  briefly  in  cold  saline,  and  fixed 
overnight in cold buffered formol-sucrose (10 per cent 
306  THE  JOVUNAL OF  CELL BIOLOGY • VOLUME ~27, 1965 FIGURE 5  Type 3 pattern of peroxidase uptake. Note that most of the cells in the group of proximal con- 
voluted tubules contain numerous protein (peroxidase reaction product)  droplets. Focusing in depth in 
the original microscope slide showed that the apparently fused aggregates actually consisted of separate 
droplets.  X  1750. 
formalin in 0.25  u  sucrose,  buffered to pH  7.2 with 
phosphate buffer).  The  formalin was  then removed 
from the slices by soaking them for 2 hours or longer 
in cold gum-sucrose solution (1  per cent gum acacia 
in 0.88 M SUCrOSe) as recommended by Holt et al.  (10). 
Frozen  sections cut  perpendicularly  to  the  plane 
of the kidney slice were  mounted  on cover  glasses, 
allowed  to  air  dry  for  30  to  60  rainutes  at  room 
temperature,  and  then  immersed  for  30  seconds  in 
cold  peroxidase  medium  (benzidine  hydrochloride, 
0.2 per cent, sodium nitroferricyanide, 0.3 per cent, 
hydrogen  peroxide,  0.03  per  cent,  in  70  per  cent 
ethanol).  In some  cases,  acid  phosphatase  (11)  and 
peroxidase  activities  were  visualized  in  the  same 
section.  Straus  (12)  has  made  extensive use  of this 
double "staining" procedure. 
RESULTS 
The results to be described are, like those of histo- 
chemical studies generally, mainly of a  qualitative 
nature; thus they permit a  localization of the sites 
of  protein  uptake  and  a  rough  estimate  of  the 
relative amounts of protein uptake,  under various 
conditions,  and in various cell types.  The grading 
of uptake from 0 to  +  +  +  +  was based on inspec- 
tion  of  the  slides  by  two  independent  observers, 
and  each  estimate  represented  5  or  more  experi- 
ments.  This procedure was  adopted  in preference 
to a  biochemical assay of the peroxidase extracted 
from  homogenates  of  the  kidney  slices,  because 
(a)  protein  uptake  was  not  uniform  throughout 
the  thickness  of the  slice,  being  confined  largely 
to  the cells of the superficial zone,  (b)  peroxidase 
adsorbed  to cell membranes could not be washed 
out of the slices and would have resulted in analyti- 
cal errors, especially when incubation was carried 
out under conditions which inhibited protein up- 
take,  and  (c)  differences in uptake  in various cell 
types would  not have been detected.  Experiments 
using  isolated,  perfused  kidneys,  which  correct 
some  of  the  deficiencies  of  metabolic  studies  on 
tissue slices, are in progress. 
Early  in  the  course  of  the  experiments  it  was 
observed  that the most striking uptake  of protein 
occurred  in the  proximal  convoluted  tubules  and 
in the thick ascending limbs of the loops of Henle, 
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of  the  nephron  was  affected  in  a  quantitatively 
different manner by a variety of agents. 
The pattern  of uptake  of peroxidase could con- 
venienfly be described in terms of a few types, each 
of which occurred under several incubation condi- 
tions.  Type 0  (Fig.  4),  characterized  by failure of 
cellular uptake  of the protein, was observed when 
the incubation was carried  out under unfavorable 
metabolic conditions  (cold,  anoxia,  metabolic in- 
hibitors).  In type  1 (Figs.  1 and  2), there was up- 
take  of protein  in  the  thick  ascending  limbs,  but 
not in  the  proximal convoluted  tubules;  this  pat- 
tern was seen after very brief periods of incubation, 
or when the oxygen tension was reduced,  or when 
ouabain  was added  to the incubation medium.  In 
type 2, there was uptake in both the thick ascend- 
ing  limbs  and  the  proximal  convoluted  tubules; 
in  the  latter  location  the  protein  droplets  were 
small  and  were  near  the  luminal  border  of  the 
cell.  In  type 3  (Figs. 3 and  5),  the uptake  of pro- 
tein in the proximal convoluted tubules was greatly 
increased, and there was an apparent "migration" 
of the protein droplets toward the basal side of the 
cell and  "fusion"  of peroxidase-positive  and  acid 
phosphatase-positive  droplets.  In  the  sections 
which follow,  the influence  of a  variety of altera- 
tions of the condition~ of incubation on the uptake 
of protein is described: 
Under all conditions of incubation,  the protein 
uptake  was  confined  to  tubules  near  the  surface 
of the kidney slice. The limiting factors seemed to 
be  the  penetration  of oxygen and,  to  a  lesser de- 
gree, of perox_idase,into the interior of the slice. 
Duration of Incubation 
After  short  periods  of incubation  (e.g. 30  min- 
utes)  at  37°C,  in an  oxygen atmosphere,  the pat- 
tern of uptake was predominantly  type  1 (Fig.  1), 
and  less often type 2.  With increasing duration  of 
incubation  there was  a  progression  to  type  3  pat- 
tern,  and eventually the cells of the proximal con- 
voluted tubules  were filled with large peroxidase- 
positive droplets (Figs. 3 and 5). When the sections 
were  incubated  for  both  peroxidase  and  acid 
phosphatase  (Fig. 3), many of the droplets showed 
the composite purple color which  Straus  (12)  be- 
lieves to reflect fusion of protein droplets and lyso- 
somes. After 18 to 24 hours' incubation, the protein 
droplets  in  the  proximal  convoluted  tubules  had 
decreased  in size and  were concentrated  near the 
basal margin of the cells. All of these observations 
support  the concept  that  the  transport  of protein 
across  the  cell  and  its  ultimate  intracellular  dis- 
posal occur in incubated kidney slices in a  manner 
similar to that observed in vivo after intravenous in- 
jection of protein  (13). 
The  increase  in  peroxidase  uptake  with  time 
was less striking in the thick ascending limbs of the 
loops  of Henle,  and  there  was  less  tendency  for 
fusion  of protein  droplets  and  lysosomes  than  in 
the  proximal  convoluted  tubules  (compare  Figs. 
1 and  3). However, with longer periods of incuba- 
tion,  there  was  an  increased  protein  uptake  in 
tubules  farther  from  the  surface  of the  slice,  and 
this was especially noticeable in the thick  ascend- 
ing limbs. 
Peroxidase Concentration 
With  increasing concentration  of peroxidase  in 
the incubation  medium,  there was greater uptake 
by  the  cells  of  both  the  superficial  and  deeper 
zones of the slices. This was manifested  by an in- 
crease  in  the  size  of  the  protein  droplets  in  the 
proximal convoluted  tubule cells near  the surface 
of the slice and by the appearance of small droplets 
in the cells of the thick ascending limbs in deeper 
portions of the slice. 
Oxygen  Tension 
According to Warburg  (14),  the oxygen tension 
at  the center of a  tissue  slice of limiting thickness 
is zero.  The  limiting slice thickness  for kidney  in 
an  atmosphere  of oxygen has  been determined  to 
be approximately  0.5  ram.  It was  of interest  that 
when the kidney slices were incubated in oxygen at 
1  atmosphere  pressure,  the  uptake  of peroxidase 
ceased  at  a  distance  of  approximately  0.15  mm 
from the surface. The corresponding distances were 
0.05  mm in  air  and  0.30  mm  in  oxygen at  2  at- 
mospheres  pressure.  When  the  oxygen  pressure 
was  raised  to  3  atmospheres,  the  protein  uptake 
was less than at 2  atmospheres,  suggesting oxygen 
toxicity.  When  kidney  slices were  incubated  in  a 
nitrogen atmosphere,  there was no protein uptake 
(Fig. 4). 
Temperature 
When  kidney  slices  were  incubated  at  a  tem- 
perature  of 2°C,  there  was  no uptake  of protein. 
When  the  incubation  temperature  was  25°C, 
there  was  significant  protein  uptake  in  a  larger 
number  of tubules in the interior of the slice than 
when the incubation was carried out at 37°C. This 
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Influence of Metabolic Factors on the  Uptake and Intracellular Transport of Horseradish Peroxidase by Rat 
Kidney Slices 
Protein uptake 
Protein transport in 
Proximal con-  proximal convoluted 
Metabolic conditions  voluted tubules  Thick limbs  tubules 
Standard  conditions*  q--F++  q- 
Addition of substrates  ++q-q-  + 
Incubation in nitrogen  0  0 
Incubation  at 2°C  0  0 
Addition of DNP  (1  mM)  0  0 
Addition of fluoroacetate  (50 mM)  0  0 
Addition of ouabain  (1  mM)  "~-  -I- 
Addition of ouabain  (4 mM)  0  + 
Hamster kidney slices  (ouabain  1 X  10  -2 mM)  0  q- 
Addition of phlorizin  (5 mM)  +q-q-+  q- 
Yes 
Yes 
No 
No 
No 
No 
Yes 
Yes 
Yes 
Yes 
* Standard conditions : incubation for 4 hours in Krebs-Ringer-phosphate solution at 37°C, 1 atmosphere 
oxygen.  In the uptake studies,  the medium contained peroxidase.  In the transport  studies,  the me0Aum 
contained no peroxidase, and the kidney slices were prepared from animal sacrificed 15 minutes following 
intravenous injection of peroxidase. 
is consistent with the report of Cross and Taggart 
(15)  that  the  accumulation  of p-aminohippurate 
by kidney slices was greater at 25°C than at 37°C. 
Their  interpretation  was  that  the  more  rapid 
utilization of oxygen at 37°C prevented  adequate 
diffusion  of oxygen into  the cells .located  at  some 
distance from the surface of the slice. Our observa- 
tion that the thickness of the zone of protein uptake 
was  increased  when  higher  oxygen  tensions  were 
used also supports  this concept. 
Substrate Requirement 
The  uptake  of protein  by kidney slices was  not 
altered  appreciably  by  the  addition  of  glucose, 
succinate,  a-ketoglutarate  or  acetate  to  the incu- 
bation medium. 
Metabolic Inhibitor8 
Peroxidase  uptake  was  inhibited  by  2,4-di- 
nitrophenol  and  by  sodium  fluoroacetate,  indi- 
cating  that  energy  derived  from  oxidative  phos- 
phorylation  is  essential.  Phlorizin,  in  concentra- 
tions  which  inhibit  glucose  reabsorption  in  the 
kidney, had no effect on peroxidase uptake  by the 
kidney  slices.  Ouabain  abolished  the  uptake  of 
protein by cells of the proximal convoluted tubules, 
but had no effect on uptake in the thick ascending 
limbs (Fig. 2). The reason for this difference in re- 
sponse  is unknown.  It is apparent  (Table  I)  that 
TABLE  II 
Sodium Dependence of Peroxidase Uptake by  Rat 
Kidney Slices 
Incubation medium 
Peroxidase uptake 
Proximal  Thick 
convoluted  ascending 
tubules  limbs 
Krebs-Ringer-phosphate  q--b q- q-  -k 
Krebs-Ringer-bicarbonate  q- q- q- q-  -b 
Sodium chloride  (0.15  M)  +q-q-  -k 
Lithium chloride  (0.15  M)  0  q- 
Choline chloride  (0.15  ~)  0  0 
Potassium chloride  (0.15  M)  0  0 
Sucrose  (0.25  M)  0  0 
Polyvinylpyrrolidone (7.5  0  0 
per cent) 
the  concentration  of  ouabain  required  to  affect 
protein uptake  by kidney cells was very high. This 
reflects the well known relative insensitivity of the 
rat to the action of ouabain; when hamster kidney 
slices  were  used,  protein  uptake  in  the  proximal 
tubules  was  abolished  by  much  lower concentra- 
tions of ouabain  (Table  I).  This effect of ouabain 
suggested that the uptake of protein by cells of the 
kidney  tubule  may  involve  the  activity  of  an 
ATPase,  and  since  this  in  turn  is  linked  to  the 
active  transport  of cations,  a  study  was  made  of 
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Quantitative  Sodium Requirement  for  Peroxidase 
Uptake by Rat Kidney Slices 
Sodium chloride  solutions were  balanced to 
isotonicity with choline chloride 
Peroxidase uptake 
Sodium concentration  in  Proximal con-  Thick ascending 
incubation  medium  voluted  tubules  limbs 
,,Eq/la~r 
150  +++  + 
100  +++  + 
50  + +  + 
25  ++  + 
10  ++  + 
5  +  + 
0  0  0 
the  influence of  cations  on  protein  uptake  (see 
Table II).  There was complete inhibition of up- 
take  when  the  kidney slices  were  incubated  in 
electrolyte-free medium (0.25 M sucrose  or 7.5 per 
cent polyvinylpyrrolidone),  or in isotonic solutions 
of potassium chloride or choline chloride.  When 
the  sodium  in  Krebs-Ringer-phosphate solution 
was replaced by choline, protein uptake was abol- 
ished in the proximal convoluted tubules, but not 
in  the  thick  ascending  limbs.  Replacement  of 
sodium  by  lithium  in  Krebs-Ringer-phosphate 
solution had no effect  on protein uptake, but up- 
take  in the  proximal convoluted tubules was  in- 
hibited when the kidney slices were incubated in 
isotonic lithium chloride solution. A  relation be- 
tween sodium concentration and  protein uptake 
was shown in experiments in which kidney slices 
were  incubated  in  sodium  chloride  solutions  of 
decreasing concentration (balanced to  isotonicity 
with choline chloride (see Table  III).  Some  up- 
take was  observed even when the sodium concen- 
tration was reduced to 5 mEq per liter, but when 
the slices were leached in a  sodium-free medium 
prior  to  incubation, the  protein uptake  in low- 
sodium media was further reduced. 
Intracellular "  Transport" of Peroxidase 
In an earlier section it was pointed out that as 
the duration of incubation of the kidney slices in- 
creased,  there was an apparent movement of the 
protein droplets from the luminal toward the basal 
side  of the  cell.  This might have represented an 
actual intracellular transport,  or it might simply 
have been the result of successive waves of protein 
uptake at the luminal surface  of the cell.  In order 
to determine which of these alternatives is correct, 
it  was  necessary to  dissociate  intracellular trans- 
port from uptake.  This was accomplished by the 
use of ouabain, which inhibits the uptake of peroxi- 
dase by the proximal convoluted tubules without 
affecting the  intracellular transport,  as  indicated 
by the following  experiment. When rats were given 
an intravenous injection of peroxidase and sacri- 
ficed  15 minutes later, the lumina of the .proximal 
convoluted  tubules  were  filled  with  amorphous 
peroxidase  reaction  product,  and  small  protein 
droplets were  observed in the  cells,  near the  lu- 
minal border.  When slices of these  kidneys were 
incubated in  peroxidase-free medium containing 
ouabain, movement of the protein droplets toward 
the basal side  of the cell could be demonstrated, 
even  though  continued  uptake  of  protein  was 
blocked by the ouabain. This intracellular trans- 
location of protein droplets had certain features in 
common with the cellular uptake of protein, since 
both  were  abolished  by  cold,  anoxia,  metabolic 
inhibitors,  and.  incubation  in  electrolyte-free 
media. 
DISCUSSION 
The inhibition of protein Uptake  in kidney slices 
by conditions which interfere with oxidative phos- 
phorylation reflects  a  fundamental difference be- 
tween pinocytosis by kidney cells and phagocytosis 
by leukocytes,  in which the energy is derived from 
anaerobic  glycolysis  (1).  It  is,  however,  con- 
sistent with the reported inhibition of pinocytosis 
(channel formation)  in  amebae  by  cyanide and 
carbon  monoxide  (6).  Schumaker  (5)  reported 
that  the  initial rate  of uptake  of  protein  (ribo- 
nuclease) by Ameba proteus was not greatly affected 
by  cyanide,  2,4-dinitrophenol, or  low  tempera- 
ture, but that the final rate  (i.e. the rate after the 
first  5 minutes) was reduced by all these agents. 
He suggested  that the synthesis of new membrane 
to  replace  that  used  up  in  channel  formation, 
rather  than  the  channel formation per  se,  is  the 
energy-dependent phase of pinocytosis. 
In studies on protein uptake by tumor cells in 
tissue culture (16,  17), evidence was also obtained 
for  a  temporal  division of  the  process  into  two 
phases.  The initial phase was rapid and was not 
temperature-dependent, while  the  second  phase 
was slower  and was temperature-dependent. The 
initial phase  was  considered  to  represent  rapid, 
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the  tumor  cell  membrane,  while  the  second, 
energy-dependent phase was thought to represent 
active uptake by means of pinocytotic membrane 
movements (16).  The initial phase  of adsorption 
of protein to the tumor cells may be comparable 
to the stage of induction of pinocytosis in amebae, 
though this has not been proven. 
The  depression  of  protein  uptake  in  kidney 
slices incubated in electrolyte-free  media indicates 
that electrolytes are, in some manner, involved in 
the uptake,  but the nature of the involvement is 
not  clear.  The  possibilities  include  the  require- 
ment of ions for the  induction of pinocytosis,  for 
energy-yielding reactions, and for participation in 
specific enzyme reactions such as the cation-stimu- 
lated  adenosine triphosphatase  activity.  Nothing 
is  known  about  the  induction of  pinocytosis in 
mammalian cells,  but in amebae there  is no re- 
quirement for  ions  when  the  medium contains 
protein.  With regard  to  the  requirement of ions 
for  energy-yielding reactions which  may  be  in- 
volved in pinocytosis, the report of Whittam and 
Willis (18)  may be cited.  They observed a  35 to 
40 per cent depression of the oxygen consumption 
of kidney cortex slices when all the sodium in the 
medium was replaced by choline or when ouabain 
was  added  to  the  sodium-containing medium. 
They attributed the increase in respiration in the 
presence of sodium to the adenosine diphosphate 
made available by the action of a  sodium-stimu- 
lated  membrane adenosine triphosphatase which 
hydrolyzes adenosine triphosphate  to  supply the 
energy for ion transport. The similar effects of the 
absence of sodium and  the  presence of ouabain, 
both  on  oxygen  consumption in  Whittam  and 
Willis' experiments and on protein uptake in our 
experiments,  suggest  that  a  sodium-stimulated 
adenosine triphosphatase may be involved in the 
membrane  transport  of  both  ions  and  protein. 
The complete inhibition of protein uptake associ- 
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